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INTRODUCTION 

"Present  laser  standards  are  based  primarily  on  a single  acute 


exposure  and  evaluation  of  acute  gross  retinal  pathological  end- 
points. While  data  obtained  under  these  conditions  have  been  of 
significant  value  in  answering  past  immediate  needs  of  military 
laser  safety,  they" are  limited  in  evaluating  long  term  effects  in 
vision  that  might  be  induced  by  required  prolonged  repetitive  viewing 
of  new  laser  display  systems,  holographic  investigations  and,  in 
general,  repeated  exposure  to  very  low  levels  of  laser  light. 


In  almost  all  of  these  situations,  levels  of  laser  radiation 
are  well  within  present  permissible  safe  limits.  Yet  refinement  of 
histological  retinal  criteria  by  electron  microscopy  has  shown  that 
changes  in  retinal  ultrastructure  at  the  level  of  the  photoreceptor 
can  occur  in  the  absence  of  a gross  "burn."  Such  changes  were 
observed  at  the  safe  level  for  very  acute  laser  exposure  (1)  and 
were  persistent  to  at  least  3 years  postexposure.  It  is  plausible, 
therefore,  that  low  level  chronic  repetitive  viewing  conditions  at 
even  lower  laser  exposure  levels  might  induce  permanent  changes  in 
the  visual  process. 

In  this  investigation  we  have  used  rhesus  monkeys  trained  in 
a behavioral  acuity  task  to  evaluate  long  term  changes  in  visual 
function  at  levels  many  times  below  current  extended  source  criteria. 
Correlative  retinal  electrophysiological  measurements  in  rhesus  at 
slightly  higher  exposure  levels,  but  still  below  safe  levels,  corre- 
late well  with  our  behavioral  findings  and  establish  the  origin  of 
these  effects  at  the  level  of  the  retina. 
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METHOD 


A detailed  description  of  the  apparatus  and  training  proce- 
dure has  been  provided  previously  (2) . Spectral  sensitivity  func- 
tions were  determined  in  each  session  by  determining  the  log  threshold 
background  intensity  required  at  each  wavelength.  These  determina- 
tions were  made  by  an  up-and-down  threshold  procedure  in  which  Landolt 
and  gapless  rings  were  presented  in  sets  of  four  rings  of  equal  dia- 
meters. Three  rings  were  gapless  and  the  fourth  was  a Landolt  ring 
whose  position  was  always  riindomized  within  the  set.  Correct 
responses  to  Landolt  rings  decreased  background  intensity  by  0.2  log 
units,  whereas  incorrect  responses  to  Landolt  rings  Increased  back- 
ground intensity  by  0.2  log  units  (a  log  unit  is  a factor  of  10  or 
10  times). 

Measurements  of  threshold  intensity  were  made  every  20  nm 
through  the  spectrum  in  a quasi-random  order.  All  measurements  of 
background  threshold  intensity  were  normalized  for  quanta!  flux 
with  the  threshold  at  600  nm.  Spectral  sensitivity  was  measured  for 
various  Landolt  ring  gap  sizes  from  our  largest  gap  at  0.14  min"'-  to 
our  smallest  at  1.85  min~l  (1.85  min"^  = 0.5  min  of  arc). 

Behavioral  data  from  two  mature  rhesus  monkeys  were  obtained. 
Animals  were  emmetropic  (no  optical  correction  was  required) . Fun- 
duscopic  examination  of  both  eyes  prior  to  and  postexposure  revealed 
no  evidence  of  light-induced  funduscopic  change.  Each  animal  was 
chaired  and  enclosed  in  a standard  primate  chamber  that  attenuated 
extraneous  noise  and  light.  A plexiglass  head  restraint  minimized 
the  ability  of  the  animal  to  move  his  head  during  exiierlmental  ses- 
sions. The  beam  from  an  Argon  laser  (Spectra  Physics  Model  No.  164) 
was  reflected  into  the  primate  cubicle  from  behind  the  animal's  head 
and  was  diffused  by  a small  (5x5  cm)  ground  glass  slide  located  out- 
side the  direct  view  of  the  animal  (Figure  1)  . Forward  scatter  from 
this  diffuser  nearly  uniformly  irradiated  a hemisphere  painted  flat 
white  wiiose  radius  was  0.5  m.  The  location  of  the  animal's  head 
was  approximately  at  tlje  center  of  the  hemisphere.  The  animal  viewed 
the  rear  projected  stimuli  and  background  through  a 5 cm  diameter 
tube  protruding  6 cm  into  the  hemisphere.  Viewing  of  the  stimuli 
was  binocular.  The  average  of  the  measured  luminance  of  the  hemis- 
phere was  25  nits  + 8 nits.  Radiometrically , the  average  Irradiance 
of  the  hemisphere  was  approximately  20  viW/cm^  and  a corneal  irradi- 
ance of  20  pW/cm^.  Retinal  irradiance  was  0.2  viW/cm^  over  the  entire 
retina.  Retinal  illuminance  was  2.11  log  trolands. 
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Figure  1.  Schematic  drawing  of  a chaired  rhesus  monkey  in  the  exper- 
imental apparatus  which  was  used  to  test  Landolt  ring  visual  acuity 
as  well  as  to  irradiate  the  animal  with  the  low  level  forward  scatter 
from  the  hemisphere.  The  arrows  indicate  the  position  of  the  animal 
during  test  sessions.  The  carousel,  neutral  density  wedge,  and  inter- 
ference filters  were  located  outside  the  animal's  cubicle.  The  test 
stimuli  (Landolt  rings)  were  projected  onto  a rear  projection  screen 
mounted  in  a tube  that  protruded  from  the  center  of  the  hemisphere. 

The  animal's  task  required  titration  of  the  background  threshold  in- 
tensity for  detecting  a fixed  Landolt  ring.  Spectral  sensitivity 
for  a given  criterion  gap  was  obtained  by  plotting  the  reciprocal  of 
threshold  as  a function  of  wavelength  through  the  visible  spectrum. 
Spectral  sensitivity  curves  were  obtained  for  a range  of  gap  sizes 
from  0.14  to  1.85  min"l  (9.0  to  0.50  min  of  arc)  or  from  very  large  or 
coarse  acuity  criteria  to  very  fine  acuity  criteria. 
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Retinal  spectral  sensitivity  measurements  were  made  for  a 
low  level  ERG  (electrorctinographic)  criterion  (0.5  pV^g)  using  a 
lock-in  amplifier  technique  (3).  Exposure  to  514  nra  was  made  in 
nuixwellian  view  for  a visual  angle  of  55  degrees.  The  retinal 
irradiance  equalled  12.5  pW/cm^.  Exposure  duration  was  two  hours  per 
session. 


RESULTS 

Changes  in  log  relative  sensitivity  over  a 14-month  period  at 
a single  monochronuit ic  background  (520  nm)  are  sliown  in  Figure  2 for 
a single  animal.  Arrows  on  the  abscissa  indicate  exposure  days. 

Each  exposure  was  2 hours  (h)  for  a total  of  38  cumulative  h.  All 
measurements  made  in  Figure  2 were  obtained  after  an  Initial  15  min- 
utes of  dark  adaptation  and  prior  to  the  exposure  period.  The  first 
sign  of  change  during  the  exi^osure  period  occurred  at  the  finest 
acuity  criterion,  1.85  mln“l  (0.5  min  of  arc).  By  the  end  of  18  h, 
measurements  of  sensitivity  at  520  nm  were  no  longer  obtainable 
(i.e.,  sensitivity  was  depressed  by  at  least  5 log  units).  Measure- 
ments of  the  entire  dark-adapted  spectral  sensitivity  function  for 
this  criterion  acuity  were  also  unobtainable  from  this  time  to 
about  2'i  months  postexposure  (Figure  3) . Sensitivity  at  coarser  but 
still  photopic  criteria  (1.42  and  0.98  min“l  or  0.7  and  1.02  rain  of 
arc,  respectively),  hox^ever,  showed  relatively  little  change  through- 
out the  remaining  exposure  period  at  520  nm.  Two  weeks  after  the 
last  exposure,  however,  sensitivity  at  the  1.42  min~^  criterion 
(0.7  min  of  arc)  declined  sharply  and  was  not  obtainable  for  several 
weeks.  Measurements  at  the  0.98  min“^-  (1.0  min  of  arc)  criterion 
were  Increased  and  also  reflected  a decline  in  sensitivity.  But, 
corresponding  measurements  at  the  0.14  min”l  (7.0  min  of  arc)  cri- 
terion increased  in  sensitivity  by  almost  a log  unit  (factor  of  10). 
Several  weeks  later,  sensitivity  at  the  1.42  min~^  (0.7  min  of  arc) 
criterion  returned  as  did  that  at  the  1.85  min“l  criterion.  However, 
long  term  measurements  still  indicate  that  recovery  is  incomplete  one 
year  after  the  last  exposure. 

Spectral  sensitivity  at  the  1.85  mln“^  criterion  was  obtain- 
able prior  to  exposure  and  only  after  2L  months  postexposure.  Com- 
parison of  pre-  and  postexposure  data  at  this  time  and  approximately 
9 months  later  are  shown  in  Figure  3.  Postexposure  measurements  at 
2‘i  months  were  depressed  by  a log  unit  or  more  through  most  of  the 
visible  spectrum  but  maximal  depression  occurred  at  540  nm.  The 
smooth  curves  drawn  through  the  postexposure  data  points  are  the  cone 
photopigment  nomograms  for  the  445  and  575  nm  primate  cones  (4). 

The  445  nra  pigment  is  a poorer  fit  to  our  short  wavelength  data  than 
is  that  made  by  the  575  nm  pigment  to  our  data. 
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Fisuro  3.  Pro-  and  postoxposuro  dark  adapted  .spectral  sen.sltlvity 
functions  at  1.85  min”^.  Pre-exposure  function  is  the  mean  of  two 
sessions  and  vertical  bars  represent  the  ranpe  across  t\70  sessions. 
Postexposure  functions  were  obtained  at  2’j  months  and  at  12  months 
after  the  exposure.  Data  obtained  2’i  months  postexposure  were 
fitted  with  the  575  and  445  nra  photopigment  nomogram.  Data  obtained 
12  months  postejciTosure  were  fitted  with  the  575  nm  pliotopigment  nomo- 
gram in  the  long  wavelength  region  but  with  the  CIE  scotopic  curve 
in  the  shorter  wavelength  region.  (The  CIE  scotopic  curve  is  a 
standardized  curve  representative  of  the  human  eye's  sensitivity  at 
night;  the  CTE  photopic  curve  is  a standardized  curve  representative 
of  the  human  eye's  sensitivity  during  daytime.  The  nomograms  are 
mamimilian  cone  photopigments  derived  from  standard  curves  established 
to  reflect  current  available  knowledge  of  mammalian  and  vertebrate 
photoreceptor  pigments.) 
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Postexposure  data  obtained  9 months  after  the  first  post- 
exposure  measurements  is  still  depressed  by  a log  unit  or  more 
through  the  visible  spectrum.  The  575  nm  pigment  nomogram  is  still  a 
good  fit  to  the  long  wavelength  data  points.  In  the  short  and  inter- 
mediate spectrum,  however,  we  found  the  scotopic  CIE  function  to  pro- 
vide a more  reasonable  fit  than  the  short  wavelength  cone  photopig- 
ment used  to  fit  the  earlier  postexposure  measurements  in  this 
spectral  region. 

The  repetitive  effect  of  the  51A  nm  exposure  on  the  spectral 
sensitivity  measured  for  a fine  photopic  acuity  criterion  (1.42  min“l) 
is  sho\m  in  Figure  4A.  These  data  wore  obtained  during  chromatic 
exposure  (514  nm)  conditions.  The  initial  chromatic  function  was 
measured  within  the  first  10  h of  repetitive  exposure,  whereas  the 
postchromatic  function  was  measured  at  32  h of  repetitive  exposure. 
Postexposure  measurements  for  tlie  CIE  scotopic  curve  normalized  at 
520  nm  to  a better  degree  than  initial  measurements  normalized  to  the 
same  wavelength.  (Similar  findings  were  obtained  for  coarser  criteria 
do\im  to  0.14  min“^.  The  best  fitting  function  was  obtained  at  the 
0.98  min~l  criterion.  Most  of  the  departure  from  the  scotopic  func- 
tion occurred  in  the  long  wavelengths,  as  measured  sensitivity 
tended  to  be  slightly  broader  than  the  CIE-  scotopic  curve  above 
580  nm.)  Postexposure  measurements  made  about  one  year  postexposure 
still  fit  the  scotopic  function  better  than  pre-exposure  data. 

In  Figure  4B,  ERG  spectral  sensitivity  data  for  one  animal 
taken  before  and  2 months  postexposure  are  shomi  normalized  to  the 
CIE  scotopic  curve  at  520  nm.  The  postexposure  fit  is  considerably 
closer  to  the  CIE  function  than  pro-exposure  data.  Measurements  of 
ERG  spectral  sensitivity  that  yielded  more  purely  cone  receptor 
system  functions  for  pre-exposure  measurements  were  substantially 
depressed  for  postexposure  measurements  made  postexposure  at  one  hour 
and  at  two  months. 

In  a second  behavioral  animal,  which  has  presently  been  ex- 
posed up  to  a total  cumulative  dose  of  20  h,  very  similar  changes  in 
spectral  sensitivity  at  various  acuity  criteria  have  been  obtained. 

As  with  our  first  animal,  the  largest  and  most  extensive  depressions 
in  sensitivity  have  occurred  at  the  finest  acuity  criterion 
(1.85  min"^).  Relatively  little  change  has  occurred  for  the  coarsest 
acuity  criterion  (0.14  min~^). 

Both  animals  showed  substantial  changes  in  log  relative 
sensitivity  for  acuity  targets  measured  against  white  light  back- 
grounds. These  changes  were  somewhat  less  than  that  observed  at 
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than  that  fit  made  by  the  pre-exposure  data.  Both  curves  were  matched  with  the  CIE 
scotopic  fijnction  at  the  520  nm  points. 
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320  nm  2),  liowovcr.  M;iximal  lostu'S  in  si-ns  1 1 Iv I ry  oociirrt'O 

at  vi-ry  t Inn  phi' t op i c aonlty  oritorion  (1.85  min”^);  ri'l.it  ivi  ly  littlo 
ohange  was  ohsorvod  at  tho  coai'sost  aonlty  cvlti'vion  (0.14  niin'l). 

inSOl’SSlON 

Tho  d.u.i  prosonli'd  horo  indu-alo  that  low  lovol,  prolon^id 
.ind  ropotltlvo  vlowinj;  ot'  visiblo  lasor  radiation  ;it  514  nra  ran  snb- 
stanti.illy  dopi'i'ss  photoi’lo  visual  Innot  ion.  At  onr  lini'St  .lenity 
vritvrion  (1.85  min"*),  ropot  i t ivo  oxposuro  prodnood  a poiii-ral  loss 
in  sensitivity  I'l  .it  lo.ist  oiu-  lop,  unit.  Tost  I'xpi’snro  miMSiifi'i’K  iit  s 
r.uulo  over  .i  12  month  period  suppi'st  th.it  ri'eoverv  prooi-sses  are  mliii- 
r.ul  and  involve  oontiniious  "intrusion"  of  seotople  funetlon  under 
love.il  eondltlons  of  me.isiirement  (S').  Seotopie  "intrusion"  I'ffeets 
.ire  more  evident  for  measurements  th.it  involved  both  photopie  and 
seotopie  eontribut  Ions  .is  shoini  in  I’i.pnre  4 for  both  behavioral  and 
retinal  physiolople.il  me.isufisiient  s . 

In  F ipure  5,  we  li.ive  e.ileiilated  the  ret  in.il  irradianee 
reeeivod  by  lookinp  .it  .in  exi  ended  souree  irradi.ited  .it  t lie  eiirrent 
permissible  exposure.  Our  beh.ivloral  irradi.it  ion  level  is  more  th.in 

1 orders  of  m.ipnltude  (1000  times)  below  the  e.ileul.ited  st.ind.ird  at 

2 hours;  our  FRO  level  is  2 orders  of  m.ipnitude  (100  times)  below 
this  line.  In  addition,  our  beh.ivior.il  exposure  levels  were  3 
orders  of  mapnitiidi'  lower  th.in  those  used  by  Sperllnp  and  our  in.iueed 
effects  on  speetral  sensitivity  have  failed  to  reeover  12  months 
postexposure.  The  dtehromaoy  induood  by  Spi'rlinp's  proup  on  Inere- 
ment  speetral  sensitivity  require.!  .ibout  30  d.iys  for  full  reeovery 
during  post  exposure . Our  effi-ets  h.ive  n't  reeovered  more  tli.in  12 
months  post  exposure . I'he  relationship  ol  our  dat.i  to  other  studies 
where  higher  levels  were  used  and  morpholopieal  erltoria  employed  is 
.il.so  .shoini.  These  data  were  obtained  at  levels  mueh  higher  than  the 
e.ileiilated  standard.  (P lehromaev  refers  to  the  loss  of  the  inter- 
mediate cones,  leaving  a 2-  rather  than  a 3-eone  system  for  vision.) 

Our  exposure  levels  are  sut  t i e ient ly  low  to  warrant  .some  pre- 
liminary discussion  of  our  souree  eharaeterist  ios . The  b.indwidtli 
of  our  source  w.is  less  than  0.1  nm  as  compared  to  the  b nm  h.ilf  maxi- 
mum bandwidth  crop  loved  by  Sperling's  group.  Our  source  was  coherent 
and  when  diftused  pave  rise  to  a speckle  pattern  with  a high  spatial 
frequency  distribution.  The  effects  of  ban.iwi.itli,  coherency,  and 
speckle  pattern  on  the  inducement  of  prolonged  visual  alteration  is 
essentially  unkn.'wai.  Recent  exper  im.'nt  s , h.'wever,  in  our  labor.itorv 
suggest  that  both  bandwidth  and  spatial  coherency  play  a significant 
role  in  producing  permanent  changes  in  spectral  sensitivity  ib)  . 
Therefore,  coherency  Itself  is  a contributing  factor  to  our  U'w 
level  effects. 


III. 


Figure  5.  The  t?oUJ  line  shews  the  calculated  itermissiblo  retinal 
irradiation  for  extended  source  viewing  and  data  from  other  investi- 
gations where  higher  levels  of  514  nm  coherent  radiation  were  used 
to  obtain  morphological  effects.  The  behavioral  data  of  Sperling 
and  Harworth  (6)  were  obtained  with  a 520  nm  incoherent  source  at  a 
level  a factor  of  1000  times  higher  than  that  obtained  for  our 
behavioral  study.  Data  obtained  by  Lavn-rill,  Crockett  and  Courrler  (7) 
and  Mara,  Mueller  and  Sllney  (8)  for  a 4-hour  and  a 1-hour  514  nm 
coherent  exposure,  respectively,  were  v'lbtained  at  levels  at  least  10 
times  above  the  calculated  permissible  retinal  irradiance.  Tl»e  data 
point  of  Ham  al.  represent  a threshold  point  for  fiuuluscoplc 
opacity.  Latwill's  point  is  a level  that  produced  morphological 
alteration  throughout  the  various  layers  of  the  retina. 


ii) 
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Moi'iiholo^ical  ly  , r«.'L-out  Invost  igat  ions  of  cffoots  on 

ttif  rotina  at  or  bolow  opacity  levels  luive  stiown  tluit  cone  outer- 
segment  lamellar  structure  is  more  markedly  altered  tlian  tliat  of  rods. 
Such  effects  appear  to  lu'  independent  of  wavelengtli  (7,8).  In  our 
recent  investigations,  we  liave  found  very  similar  differential 
effects  at  levi’ls  below  ttiose  required  to  produce  opacity.  The 
re  lat  ionslilp  between  tt\ese  differential  morpluilogi  cal  effects  and 
long-term  persistent  cluuiges  in  photopic  ;ind  scotopic  function  is 
currently  being  determined  in  our  laboratory. 

\\'e  are  specifically  concerned  with  wliether  cones  are  exclu- 
sively altered  and  tlierefore  our  scotopic  (rod)  intrusion  effects 
simply  mean  tiiat  normal  cone  inliibltion  on  rod  activity  is  released, 
or  whetlier  botti  rods  and  cones  are  nonexclusively  affected.  Roth  our 
behavioral  and  electropin-siological  data  showed  incri'ases  in  absolute 
spectral  sensitivity  under  scotopic  conditions.  Such  changes  can  be 
interpreted  eitlier  as  a release  of  neural  inltibition  or  differential 
alteration  to  normal  rod  and  cone  metabolic  proci'sscs.  If  tiu-  latter 
is  true,  tlien  our  effect  may  involve  severe  Impairment  to  normal 
night  as  well  as  normal  day  visual  function.  Tliis  point  will  be 
clarified  as  morpljological  correlative  information  is  gattiered. 

In  summitry,  our  studies  to  date  indicate  that  present  laser 
safety  criteria  are  probably  not  sufficient  to  deal  with  prolonged 
visual  changes  tliat  mlglit  be  indviced  by  viewing  of  laser  display 
systems  considered  safe  by  such  st.andards.  Our  experiments  indicate 
permanent  behavioral  and  electrophysiologlcal  retinal  changes  at  many 
times  below  levels  presently  presumed  safe.  The  intended  use  of 
laser  visible  display  systems  as  training  devices  and  the  current  use 
of  low  level  laser  holographic  devices,  therefore,  pose  a potential 
hazard  to  human  visual  function.  Our  investigations  also  suggest 
that  altering  the  coherency  characteristics  of  the  laser  sources 
involved  in  such  systems  may  attenuate  these  effects.  Ex]’>lorat ion 
of  interactions  of  various  aspects  of  coherency  with  visual  processes 
represents  a most  promising  avenue  of  investigation  for  attenuation 
and/or  elimination  of  the  effects  reported  here. 

The  impact  of  these  investigations  on  Army  laser  systems  will 
not  be  an  easy  problem  to  expedite.  On  the  one  hand,  the  laser  has 
proven  its  utility  in  a diversity  of  military  technical  situations 
that  render  it  almost  a commonplace  in  present  and  future  milltar\ 
environments.  Yet,  the  data  presented  in  this  paper  deflnitelv 

that  present  laser  safety  standards,  based  In  large  part  on 
gross  morphological  change  (photocoagulat Ion) , are  very  poor  predic- 
tors of  permanent  change  in  visual  function.  Our  data  would  suggest 
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significant  lowering  of  laser  safety  standards.  However,  our  d.^ta 
base  is  still  not  sufficient  to  indicate  the  nature  of  the.  patho- 
logical changes  reflected  by  our  long  tern  changes  in  visual  sensi- 
tivity. Further  correlation  with  retinol  ultrastructure  and  with 
hunan  retinal  diseases  related  to  incoherent  light  exposure  are 
required  to  deteraine  the  long  terra  pathological  base  of  our  findings. 
We  would  recoraraend  strongly,  however,  that  individuals  required  to 
work  in  low  level  chronic  laser  environments  be  closely  monitored 
for  changes  ii\  visual  function  and  be  reraoved  fron  those  situations 
if  such  changes  are  persistent.  Simple  measurements  of  visual 
acuity  and  dark  adaptation  made  frequently  might  serve  well  to  pro- 
vide an  early  warning  of  changes  in  visual  function  for  such  workers. 
Our  data  strongly  suggest  that  visual  function  measurements  may  be 
tlie  most  sensitive  indicators  presently  available  to  detect  the  type 
of  visual  dysfunction  that  low  level  chronic  laser  exposure  has  pro- 
duced in  our  animal  subjects. 


In  conducting  the  research  described  in  this  report,  the  investiga- 
tors adhered  to  the  "Guide  for  Laboratory  Animal  Facilities  and  Care" 
as  promulgated  by  -the  Committee  on  the  Guide  for  Laboratory  Animal 
Facilities  and  Care  of  the  Institute  of  Laboratory  Animal  Resources, 
National  Academy  of  Sciences  - National  Research  Council. 
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